I
dentifying the causes of the differing patterns of molecular evolution among genes is a compelling problem in biology. In Drosophila and yeast, genome-wide studies have emphasized gene-specific variables, such as codon bias, expression level, dispensability, and connectedness, to establish correlations with the levels of purifying selection (1) (2) (3) (4) (5) (6) (7) . One complex but unexplored cause of variation is the relative difference among enzymes that functional variation imparts to phenotype. When the phenotypic variation reflects the flux rate through a pathway, this relationship between enzyme activity and phenotype is defined by the level of flux control. For enzyme steps with little flux control, activity differences will have no impact on phenotypic variation and will have consequently no effect on phenotype-associated fitness. For this reason, the relative level of control at an enzyme step is expected to be a predictor of molecular evolution for a gene. The goal of this study is to evaluate the control of flight performance associated with activity variation for a number of enzymes of the glycolytic pathway.
Flux control is expected to differ among enzymes as a result of pathway context, equilibrium status, and the presence or absence of steady-state conditions (8) . The classical view of metabolic flux control proposes that unique steps, such as those under allosteric control and strongly displaced from equilibrium, control the pathway flux. These steps represent the textbook regulatory enzymes and are often said to be rate-limiting. However, control must be examined in a whole-pathway context. Certainly, the best example of this dissection of pathway control is the study of lactose metabolism in Escherichia coli (9, 10) . In constitutively expressed strains, the three sequential steps of porin, permease, and ␤-galactosidase show markedly different levels of control over flux. Under these conditions, the diffusionlimited porin step possesses by far the greatest control, followed by the permease and ␤-galactosidase steps, and these differences predict different dissimilar evolutionary responses in both genetic variation and control. Unfortunately, the estimation of control in multicellular organisms is complex and difficult to measure in a biologically relevant fashion in most systems.
The glycolytic pathway is the best understood in biology. For this pathway, it is proposed that individual enzyme levels are matched to the maximum metabolic flux demands of a particular cell type (11) . An extreme example of this essential matching is insect flight, where the highest mass-specific oxygen consumption rates among animals are observed. In the flight muscle, high enzyme levels are needed for the rapid turnover of ATP associated with the 100-fold or greater increase in oxygen consumption over resting states (12) . Wing beat frequency (WBF) is closely correlated with oxygen consumption (13) (14) (15) , and it directly reflects the rate of ATP hydrolysis and glycolytic flux. Glycogen, trehalose, and hexoses fuel dipteran flight (16) , and the sole route for metabolism of these fuels is glycolysis (17) . This tight connection among fuels, glycolysis, pathway flux, and ATP turnover makes the measurement of WBF an ideal system for studying, albeit indirectly, the control of flight metabolism.
For this reason, several studies in Drosophila melanogaster have examined the contribution of genetic variation in enzyme levels to flight performance (14, 18) . These studies find significant line-specific variation in WBF, but they cannot separate trans-acting from cis-acting genetic effects on enzyme activity. This shortcoming prevents the measurement of enzyme-specific control of flight performance. The solution lies in the direct genetic perturbation of enzyme levels in controlled isogenic backgrounds (19) .
In this study, we examine the control of several enzymes in the glycolytic pathway on flight performance. We use P-element excision-derived knockouts in D. melanogaster to experimentally lower the in vivo activity levels of seven enzymes and examine individual enzyme influence on tethered flight performance measured as WBF. The modified genes include three that encode enzymes that catalyze near-equilibrium reactions [i.e., Pgi, phosphoglucose isomerase (PGI); Pgm, phosphoglucomutase (PGM); and Tpi, triosephosphate isomerase (TPI)], and three considered to catalyze nonequilibrium reactions (or regulatory reactions) [i.e., Hex-A, muscle-specific hexokinase (HEX-A); PyK, pyruvate kinase; and GlyP, glycogen phosphorylase (GLYP)]. We refer to these two sets as nonequilibrium and near-equilibrium enzymes, respectively. We examined the effects of reduced activity for trehalase (Treh) because it degrades trehalose, the insect hemolymph storage disaccharide. These genes are homozygous lethal as full knockouts. However, we have also produced genotypes for GlyP, Pgi, Pgm, Tpi, and Hex-A possessing enzyme levels that range from trace amounts to Ͻ23% of the normal amount.
Throughout this investigation, we address several questions: Is there canalization of flight metabolism against reduction of activity in the enzymes of the central metabolic pathway? Does canalization imply excess enzymatic capacity at some steps? Is there a relationship among enzyme status, classified as catalyzing nonequilibrium or near-equilibrium reactions, canalization, and excess capacity?
Results
Our results show the enzyme-specific effects of reduced activity variation on flight performance (Table 1) . Throughout Results and Discussion, we will refer to the ''control'' exercised by an enzyme. Although in metabolic control analysis control is formally defined by the flux control coefficient (the ratio of fractional changes in flux and enzyme activity) (20) , we interpret control informally here as a percentage change in WBF for a given pair of activity ratios. Furthermore, we are not directly measuring flux per se (e.g., by measuring oxygen consumption), but we are using WBF as a proxy for this flux. First, for five of seven enzymes, activity reduction to 50% of the ''normal'' activity has no statistically significant effect on WBF. Only GLYP and PGM show statistically significant reductions of WBF when activity is reduced to 50-55% of the normal activity, but a further reduction is not seen in the comparison of 60% to 10% PGM activity reduction genotypes. The use of partial knockouts in five enzymes to evaluate control in lower activity ranges shows different outcomes. Reduction of PGI and PGM to Յ10% and of TPI to Ϸ17% of normal activity results in no significant drop in WBF. In contrast, the nonequilibrium enzymes, HEX-A and GLYP, show significant reductions in performance. HEX-A males possessing Ϸ23% of the normal activity show a 15% reduction in WBF. Moreover, these HEX-A males cannot beat their wings for more than a few seconds, and free flight consists of short bursts and distances of a few centimeters. GLYP homozygotes with Ϸ10% normal activity show further WBF reductions of Ϸ6% relative to flies with 60% activity but otherwise appear able to sustain these levels for longer periods.
There are two reasons why these modest enzyme-specific effects on WBF are biologically important. First, consideration of the importance of effects using the full WBF scale is irrelevant; a reduction of WBF by only one-third results in a loss of sufficient lift to sustain flight (13) . Second, in D. melanogaster, the genetic coefficient of variation for WBF is small. Therefore, when scaled against reported natural variation, these differences between genotypes are relatively large (14) . Fig. 1 places our results in the context of pathway position and rescales the relative percent changes in genetic (or line) standard deviations of WBF. Even the small significant difference observed for Pgm (Ϫ1.14 Ϯ 0.51) is two and a half times this standard genetic deviation.
Discussion
This study uses genetic means to systematically perturb in vivo enzyme levels across a number of steps in a well known pathway and to measure the effect on a flux-dependent physiological phenotype. The results have implications both with respect to questions of the enzyme-specific control of metabolic flux and to whether individual enzymes appear in excess of flux demand. First, from a genetic perspective, we show most study genes display strong dominance with respect to flight metabolism under these test conditions. For these enzymes, heterozygotes of knockout and full activity alleles have activity reductions of 50% and show little reduction, if any, in WBF. This observation demonstrates that flight metabolism is canalized against levels of a naturally occurring activity variation (21) . Second, from the perspective of flight physiology, only GLYP is strictly near ''capacity.'' The rest, as shown by no reduction in WBF with genotypes with only 10% activity, have apparent ''excess capacity.'' It must be pointed out that the concepts of genetic dominance and excess capacity, as used in the fields of genetics and physiology, describe the same phenomenon. Shown are genotypes, relative activities, sample sizes (with nL being the number of low-activity flies tested and nH the number of high-activity flies tested), WBF (per 200 msec), WBF difference with standard deviation, and probabilities associated with the analyses of covarience. Entries shown in bold are significant.
Both of the nonequilibrium enzymes, GLYP and HEX-A, show some measure of control over flight performance in this activity range. Hex-A flies with low activity (23%) are able to beat their wings only at a rate sufficient enough to provide lift for a few seconds, tethered or untethered. At the initiation of flight, the immediate depletion of ATP is believed to be buffered by the phosphogen arginine-phosphate and the adenylate kinase reactions (22, 23) . This response may operate for a few seconds, after which ATP is resupplied through glycolysis. Therefore, the short pulse in WBF measured for HEX-A low-activity genotypes may simply reflect this depletion of the arginine-phosphate pool and the subsequent inability to resupply ATP through glycolysis.
The different results among nonequilibrium and nearequilibrium enzymes qualitatively support observations from comparative physiological studies that use in vitro measures to predict in vivo conditions. One claim of physiological studies is that there is a large excess of activity over the amount required to support performance (24) . Maximum available activities (V max ) are typically one to two orders of magnitude higher than required. However, this excess appears to be greatly reduced under the high-flux conditions associated with flight. For insect and hummingbird flight, the general observation is that nonequilibrium enzymes operate close to the maximum V max (25) . In flying honey bees, the required flux is estimated to be Ϸ76% of V max for HEX, and in vertebrate muscle activity levels are reported to operate close to V max for GLYP (26, 27) . In contrast, the same study predicted the required flux was 4-5% of V max for PGI (26) . In a further study on honey bee flight, it was predicted that PGI V max is 1.7-to 2.2-fold in excess of that required to support assumed in vivo flux rates (28) . However, this estimate depends on in vitro measurement conditions. If measured at physiological pH and ionic strength, the estimated V max is only 5% greater than required to support in vivo metabolic flux under flight.
These generalities about regulation and capacity also have been explored in comparative evolution studies using independent contrasts in orchid bees. Across 28 orchid bee species, the 20-fold change in body mass results in 2-fold variation in flight metabolism. For HEX and GLYP, there are close matches between mass-specific enzyme activity levels and corresponding metabolic flux rates (29) ; enzyme activities increase with increasing species-specific flight metabolism. This correlation suggests that both enzymes are near maximum capacity (saturation), and enzyme activity levels must increase to match escalating flux demand. It has also been speculated that this association is required to maintain tight flux regulation. Numerous studies have implicated HEX and GLYP as regulatory enzymes in glycolysis (30) (31) (32) . Our results in D. melanogaster show that as HEX-A and GLYP activities continue to be reduced, capacities are exceeded, regulation is disrupted, and flux is reduced. In contrast, the same orchid bee studies report that PGI mass-specific activities are constant across species; PGI does not evolve higher activities to match capacities with increased flux rates. Our manipulation of PGI enzyme levels finds excess in vivo activity (Ͼ10-fold) with respect to flight-based flux demand. This finding supports the physiological argument that PGI will be less responsive to a variation in overall flight metabolism, as in orchid bees. Likewise, TPI is the penultimate near-equilibrium enzyme and is often recognized as having evolved the highest specific activity of any enzyme known in nature (33, 34) . However, TPI activity reduction to Ͻ18% of normal activity also shows no significant effect on WBF and predicts at least 5-fold excess capacity.
Why are there apparent excesses of protein for nearequilibrium enzymes, when reduced amounts are clearly sufficient to meet the high flux demands of flight? In D. melanogaster, the genes for Pgi, Pgm, and Tpi show high codon bias, which means that they are under natural selection to maintain high levels of expression. Protein synthesis and turnover are energetically expensive (35) , and true excess activity will be costly and reduce fitness. It is possible that high enzyme levels are required for low-flux phenotypes, where steady-state conditions predominate and are near equilibrium. In the case of near-equilibrium reactions, higher activities (V max ) are required to drive low net fluxes, at which product/substrate mass-action ratios are nearer to equilibrium (36) . Although reduction of PGI activity had no effect on WBF, we observed significant reductions in larval and adult Drosophila body size for small activity reductions in Pgi genotypes (unpublished data). Body size variation is an expression of the integration of glycolytic flux over the course of larval development. The conditions present during development are likely to be different from the large transient displacements from equilibrium expected under flight (8, 17, 22) . One might speculate that the high activity levels of PGI and TPI may be required to meet the near-equilibrium conditions and low flux demands of other metabolic states, such as the large resting flight muscle.
Yet, there are several reasons why the interpretation of excess enzyme capacity may be misleading. Enzyme levels that appear in excess may be available to support performance demands in nature that are outside of the test conditions used in physiological studies (24, 37) . Our experiments are carried out at 24-26°C, yet D. melanogaster has a lower thermal flight limit of Ϸ15°C (14) and certainly must experience wide temperature variation in nature (38) . The small size of Drosophila precludes the effective operation of thermogenesis like that seen in larger insects (15) , and at reduced temperatures flies must maintain physiological performance by catalytic means. Unacclimated individuals may meet performance demands at lower temperatures by drawing on excess activity. In physiological studies, this excess has been explained as a ''safety factor'' (39, 40) , but it also entered into Sewall Wright's (41) explanations for the evolution of genetic dominance. The testing of genotypic effects at a lowered temperature should be a goal of future studies. Finally, in comparison to the wing-loading demands of free flight, tethered flies may be relatively unchallenged. Although the tethered design is extensively used in flight studies, there is debate as to its relevance to free flight (15) . Studies in virtual flight arenas suggest that wing-loading forces under tethered flight are conservatively Ϸ80% of those experienced under free flight (13) . Nevertheless, our genotypes of near-equilibrium enzymes with greatly reduced activity (PGI, TPI, and PGM) disperse from release points using free flight with no apparent difficulty, albeit we have not quantified this using free flight measures (42, 43) .
The various levels of control on flight performance might result in different patterns of molecular evolution for these genes. We propose that enzymes possessing greater control will be the most conserved by purifying selection. This proposition requires a larger study to establish overall pattern, yet we can see some differences. Hex-A shows no replacement polymorphism in D. melanogaster or Drosophila simulans and no amino acid fixations in the 10 million years separating these species from Drosophila yakuba (44) , indicating a high evolutionary constraint at the molecular level. We see that across the 12 Drosophila species for which there are genome sequences, the consensus amino acid substitution rates for the Hex-A and GlyP genes are among the lowest in the pathway, and the near-equilibrium enzymes, Pgi, Pgm, and Tpi, possess rates that are two to four times higher (unpublished data). In D. melanogaster, Pgm has a large excess of amino acid polymorphism and latitudinal clines in protein haplotype frequencies (45, 46) . Both observations are strong evidence that Pgm is responding positively to natural selection. PGI also shows a significant excess of amino acid polymorphism in D. melanogaster (47) and is highly polymorphic for amino acid replacements in other species (48, 49) . Furthermore, PGI has been implicated in selection for flight duration in Colias butterflies (50) . Our results show little control of PGI for flight metabolism in Diptera, but the difference for Colias may reflect the lower flux demand of synchronous flight muscles in Lepidoptera. We speculate that excess capacity, if selectively maintained to match extreme demand states, will lead to fitness tradeoffs in near-equilibrium enzymes. This extra activity will be balanced against the fitness costs of producing and maintaining high levels of enzymes in environments where the demand is reduced or absent. In heterogeneous environments, this tradeoff might lead to the maintenance of polymorphism (51) .
Our recent studies with Gpdh and the glycerol-3-phosphate shuttle show glycerol-3-phosphate dehydrogenase reduction to Ϸ10% of normal activity depresses WBF by Ϸ7% (19) . Stoichiometrically, we expect that the complete blockage of the glycerol-3-phosphate shuttle will result in a loss of one-sixth of the reducing equivalents available for flight metabolism (52) . However, this calculation ignores the more serious problem of maintaining the redox balance of the cell. Failure to remove NADH and restore NAD will block glycolysis at GAPDH and impact flight performance. This disruption of redox balance, along with the disruption of physical enzyme-enzyme interactions (53, 54) , explains the complete loss of flight ability in homozygous-null Gpdh genotypes, and it highlights the complexity of flux regulation.
Because in vivo enzyme concentrations are varied in our genotypes, flux may change not only because of lower activity, but also because of the disruption of physical interactions with partner enzymes. In these conditions, flux rates may depart significantly from expectations of simple solution biochemistry (55) , and many glycolytic enzymes may be diffusion-limited and therefore require close proximity to operate under high flux (56) . Studies in Drosophila of glycerol-3-phosphate dehydrogenase, GAPDH, TPI, phosphoglycerate kinase, phosphoglycerol mutase, and aldolase point to a structured muscle cell environment in which enzymes ''colocalize'' (53, 54) and removal of a member causes others to disassociate. Changes in flux may emerge from stoichiometric changes in the scaffolding of enzymes and structural organization rather than activity levels of individual enzymes. This complication remains a promising, but still unexplored, question whose impact on the evolution of enzymes is unknown.
In summary, using transposon-associated knockout to directly modify in vivo enzyme levels, we show a general canalization of a metabolic performance-based phenotype. Our results find that the classic regulatory enzyme GLYP is nearest to capacity or saturation, whereas other enzymes, especially those termed near-equilibrium, possess excess capacity. These latter enzymes show extreme genetic dominance and low flux control that extends down to markedly reduced enzyme levels. The genetic results are consistent with physiological studies using in vitro estimates that predict that near-equilibrium enzymes carry excess capacity. The possibility is that this excess capacity is exploited under demand states different from the experimental test conditions.
Materials and Methods
Stocks. The following P-element insertions were used: Screening. P-elements were excised by using male flies in standard dysgenic crosses (19) . Excision chromosomes (flies with white eyes) were isolated with the balancers TM3 and CyO. Excision lines (Ϸ80-100) were sampled for each dysgenic cross. Lines were first screened for lethality. When possible, excision allele activity was first assessed by using allozyme screens with alternative mobility alleles (Pgi, Tpi, and Pgm). Relative function was first screened by direct spectrophotometric assay of crude mass-adjusted enzyme activity. Interline crosses were used to create heterozygotes for different test alleles. This approach permitted the assessment of additivity in allele combinations in the event that transvection effects were present (57) . PCR and sequencing with flanking primers were used to determine molecular changes in the alleles. All full activity alleles were confirmed to have sequences consistent with the ''precise'' excision or gene conversion to a normal sequence. Reduced activity alleles possessed a spectrum of molecular changes from the deletion of entire exons to the retention of large pieces of the original P-element (19, 57) . None of the alleles involved point changes in amino acid sequence, and thus, catalytic function. Using marker-assisted introgression (19) , excision chromosomes with test alleles were placed in 6326.1, VT46, and VT83 isogenic backgrounds. Lines were again assayed for thoracic activity and expressed in units of activity per milligram of wet weight. We expect paired test genotypes to differ only in the gene of interest.
Enzyme Assays. For final genotype-specific measures of activity, multiple flies for each line were homogenized in a grinding buffer (0.01 M KH 2 PO 4 /1.0 mM EDTA, pH 7.4) at a ''concentration'' of one fly per 200 l of buffer and were centrifuged at 9,460 ϫ g for 5 min at 4°C to pellet all solids. The supernatant was recovered and transferred to a 96-well plate and used in all enzymatic assays. Blanks were run to establish background activity levels and remove them from the assay. Representative ''wild'' lines were included in assay sets to assure that precise excisions had high or full activity.
The assay buffers for the enzymes assayed in this study were as follows: PGI: 20 mM Tris⅐HCL/1 mM NADP/8 mM MgCl 2 /2.5 mM fructose-6-phosphate/0.5 units/ml G6PD, pH 7.4; PGM: 20 mM Tris⅐HCL/0.5 mM NADP/1 mM MgCl 2 /0.83 mM glucose-1-phosphate/0.62 units/ml G6PD, pH 7.4; TPI: 100 mM Tris⅐HCL/0.15 mM NADH/0.83 mM glyceraldehydes-3-phosphate/2 units/ml G6PD, pH 8.6; HEX-A: 20 mM Tris⅐HCL/1 mM NADP/2 mM MgCl 2 /8 mM ATP/100 mM glucose/5.0 units/ml G6PD, pH 8.0; GLYP: 50 mM KH 2 PO 4 /0.6 mM NADP/15 mM MgCl 2 /5 m glucose 1,6-diphosphate/7.0 mg/ml glycogen/2 mM 5ЈAMP/2 units/ml PGM/2 units/ml G6PD, pH 6.8; trehalase: 50 mM Tris⅐HCL, 0.3 mM NADP, 50 mM trehalose, 4 mM MgCl 2 , 2 mM ATP, 0.7 units/ml HEX 0.6 units/ml G6PD, pH 7.1; pyruvate kinase: 50 mM imidazole/60 mM KCl/8 mM MgSO 4 /2 mM ADP/4 mM phosphoenolpyruvate/ 0.15 mM NADH/10 units/ml lactate dehydrogenase, pH 7.3.
Enzyme activity assays were carried out on a SpectraMax 384 Plus 96-well plate spectrophotometer (Molecular Designs, Memphis, TN) with 10 l of fly extract and 100 l of assay buffer. Optical density was measured every 9 sec for 3 min. TPI possesses extremely high activity, and a 1/10th dilution of the supernatant was used to obtain accurate measures. All activity assays were conducted at 25°C. In all experiments, replicated samples were assayed twice, and the average was used in analysis. Enzyme activity was estimated from the change in optical density and converted into nanomolar NAD ϩ or NADPH reduced per minute per fly, depending on the coupled assay. Initial values for appropriate pH, substrate, and cofactor concentrations for the reactions were taken from the literature and modified to give maximum enzyme activity.
Test Crosses and Genotypes. In each flight experiment, two genotypes emerging from a common environment were created by crossing Ϸ100 females, heterozygous for paired full and knockout alleles, with males homozygous for high or low activity alleles and allowed to lay eggs for 24 h on standard cornmeal. Females were subsequently transferred each day to fresh bottles. For a single flight experiment (or block), emerging adult progeny were collected on a single day from a single bottle, aged for 4-7 days, assayed for WBF, and frozen for genotyping. In the case of GlyP and Hex-A, low-activity homozygous and hemizygous genotypes possess sufficiently low, relative viability to distort emerging genotype numbers and prevent balanced sample numbers. In these cases, homozygous genotypes were reared separately under equal densities and flown on the same day in random order.
Flight Assay and Statistical Analysis. Five-day-old adult male flies were gently anesthetized by using CO 2 and tethered by attaching a syringe-cleaning wire hook to the dorsal surface of their mesothorax with Permount adhesive. After recovery from the CO 2 , tethered flies were video recorded for 2-sec intervals with a MotionScope high-speed video camera (Red Lake, Tucson, AZ) with a shutter speed of 1,000 frames per second. Temperature was monitored but not controlled; it was constant within days (blocks) and ranged from 26°C to 28°C among days. Only flies beginning to beat their wings within 15 min of tethering were included in the experiment. No fly was recorded more than 30 min after being tethered. Video recording and playback was conducted with Red Lake MotionScope software. After the recording of WBF, each individual was removed from the wire and frozen. To determine genotype, each fly was weighed and assayed for whole-body enzyme activity by using the standard assays in the microplate reader (58) . Hex-A genotypes were determined by assaying whole thoraxes. Inspecting the biplot of activity and weight allows for the unambiguous assignment of individual genotypes (19) . WBF was determined by counting the number of beats in a 200-msec interval. WBF for each fly was recorded twice, and two replicates were used in analysis. WBF is approximately normally distributed. Statistical significance was determined with a linear ANOVA model applied to untransformed WBF estimates (over 200 msec) as the dependent variable with fixed genotype and random blocks (days 1 and 2, when appropriate) as independent variables. Weight was used as a covariate, but it never showed any significant effect on WBF. Statistical testes were carried out by using the JMP application (SAS Institute, Cary, NC).
